The change of the evaporable water content in the early hydration process of cement paste with different water-to-cement ratios was monitored by low field nuclear magnetic resonance (LF-NMR) relaxometry. The hydration degree and gel/space ratio were accordingly calculated and analyzed. The test results show that the first derivative curves of the transverse magnetization are in good agreement with the known five stages of cement hydration process at an early age. The initial and final setting times of the cement paste are closely related to the times the gel/space ratio reaches a fixed value. The early compressive strength of the hardened cement paste exhibits a power function relationship with the gel/space ratio.
Introduction
The hydration of cement takes place as soon as the cement particles meet water. A time-consuming transition of the cement paste, the so-called 'setting process', from a liquid state to a porous and hardened solid occurs. However, it can still be conveniently divided into five stages in common based on the results of heat release tests during the early age, where the heat flow is proportional to the rate of reaction. The early hydration reaction process and microstructure of cement-based materials have definite impacts on the later macroscopic mechanical properties and durability. Cement paste is an important component of cement-based materials, and it is also a complex multi-phase heterogeneous composite. The chemical and physical changes of cement paste affect the setting and hardening of cement-based materials. Investigation of the rule of hydration, hardening process and strength growth of cement paste is helpful for better understanding the early performance of cement-based materials. Using original pore water as probes, the hydration and pore structure of cement-based materials can be in situ measured through the LF-NMR technique with advantages that have been shown to be non-invasive, non-destructive and fully quantitative. The first systematic analysis of cement pastes by 1 H NMR was by Blinc et al. [1] . They followed the evolution of T1 and T2 relaxation times of the main liquid volume from 10 minutes after mixing up to 28 days of hydration. Halperin et al. [2] presented for the first time an inversion of the CPMG (Carr-Purcell-Meiboom-Gill) decay into a pore volume distribution function with the help of the fast exchange model [3] . They reported two principal pore populations of mobile water that are interpreted as "open gel" pores and capillary pores. Since then there have been very many further studies yielding a wealth of results [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Over the years, 1 H NMR has managed to successfully provide valuable information about the hydration kinetics, porosity, and pore-size distributions. Especially, with the measurements of transverse magnetic relaxation being applied for hydration of cement, the amount of water consumed during the hydration process can be determined independently from the amplitude of the NMR echo signal extrapolated to the beginning of the pulse sequence. As 1 H from liquid water present within the cement microstructure is used as the active NMR probe, it can accurately reflect the information inside the cement-based samples, and no need to require additional processing such as drying or injecting. Therefore, by studying the nuclear magnetic signal, the change of evaporable water content can be qualitative or quantitatively obtain [8, 9, 11, 17] .
Although there have been many studies involving the relationship between LF-NMR results and cement hydration, there are very few studies on the transverse magnetization and its derivative being physically related to the different stages of cement hydration, and it is not very clear that there is some inherent relationship between the gel/space ratio and the setting time or very early strength of cement. The purpose of this work is to monitor the evolution of evaporable water throughout the early hydration process of cement paste at different water-to-cement ratios (ratios of mass of water to mass of cement) by LF-NMR technique. The degree of hydration and gel/space ratio (in volume) according to the Powers model [18] were obtained by analyzing and calculating the evolution of transverse magnetization through the CPMG pulse sequence. The results were correlated to the setting process and early compressive strength growth, which were obtained by conventional Vicat needle method and mechanical test.
Materials and Methods
White cement of low concentration of Fe 2 O 3 (≤0.25%, w/w) is used to facilitate the LF-NMR testing. This cement is selected instead of ordinary (gray) Portland cement because of low paramagnetic phases content in the hardened paste; which can distort the magnetic field and worsen the NMR signal. Cement paste samples were uniformly mixed according to water-to-cement ratios of 0.3, 0.4, and 0.5. Cement pastes were then poured into 2 mL autosampler vials, vibrated to remove entrapped air before sealing and then rotated horizontally to reduce water bleeding. Each cement paste was weighed and the initial water content was calculated based on the water-to-cement ratio. Samples were continuously measured in a LF-NMR analyzer for 100 h. 1 H NMR measurements were made on Model NMRC12-010V analyzer with a fixed magnetic field of 0.30 T and a frequency field of 20 MHz manufactured by Niumag Co., Ltd., Suzhou, Jiangsu, China, CPMG pulse sequence is applied to capture the transverse relaxation behavior of proton in water.
Various forms of water such as chemically bound water, adsorbed water, and pore water are present in the cement paste. Protons from these forms of water are characterized by different T2. Thus, the total transverse magnetization M(t) at time t is multi-exponentially decayed
where M 0 denotes the initial magnetization at time t = 0 before resonance frequency (RF) pulse. The fraction f i is proportional to the volume of fluid relaxing at a rate 1/T 2i and is constrained to be nonnegative. Due to the extremely short relaxation time (about 10 µs) of the proton in chemically bound water such as Ca(OH) 2 , the signals produced by which were decayed rapidly after π/2 pulse. Thus, the signals obtained practically in the experiments were indeed regarded as being from the adsorbed water and pore water, which is called evaporable water.
It is well known that chemical reactions between cement and water transform cement pastes from fluids to rigid bodies. The materials remain workable within the induction period because further hydration is retarded by hydration products that form around the cement grains early. When these coatings are ruptured by osmotic pressure, hydration is resumed and the setting process takes place. The term 'setting' has been used to describe the onset of rigidity in fresh cement paste. The setting time for the cement paste was conducted according to Vicat needle tests. The method is based on measuring the depth of penetration of a needle into the cement paste. The time between starting time and the time at which the distance between the needle and the base plate is 4 ± 1 mm, measured to the nearest minute, is defined as the initial setting time (IST). Replace the needle of the Vicat apparatus with a needle with an annular ring, record the period elapsed between the time of adding water to the cement and the time when the annular ring fails to make the impression on the cement paste mold as the final setting time (FST).
The early compressive strength was tested by the conventional mechanical method every 12 h. The cement pastes at different water-to-cement ratios were cast into 20 mm × 20 mm × 20 mm cubic samples, and cured in a standard curing environment (temperature 20 ± 1 • C, RH ≥ 95%). Strength measured from 12 h to 96 h after mixing.
Results and Discussion

The Evolution of NMR Transverse Magnetization During Hydration
Considering it is linearly proportional to proton number and thus water content, the first peak amplitude of the transverse relaxation, which is approximately regarded as fitted magnetization M 0 of the samples under the CPMG pulse sequence was collected. For convenience, the measured signal quantity at different times is divided by the initial water content in the sample to obtain the change of the transverse magnetization of the evaporable water during hydration, as shown in Figure 1 . The samples with different water-to-cement ratios have similar evolution trends. The first-order derivative curves of the magnetization under different water-to-cement ratios were obtained by fitting the signal data. It is shown that the characteristic changes of the curves agree well with the known five stages of cement hydration process in the early stages of setting: initial reaction (stage 1), induction period (stage 2), acceleration period (stage 3), deceleration period (stage 4), and slow hydration reaction (stage 5). This is because the rate of water consumption in the cement paste is consistent with the rate of chemical reaction, i.e., the rate of heat release. At the same time, the higher water-to-cement ratio in the sample results in the greater magnetization for the remaining evaporable water, indicating that the amount of water consumed by the hydration reaction is less compared to that with low w/c ratio.
For the samples with w/c = 0.3, 0.4 and 0.5, the initial setting times conducted according to Vicat needle tests are 1.6 h, 2.2 h, and 2.5 h, respectively. The corresponding final setting times are 2.6 h, 2.9 h, and 3.7 h, respectively. Thermodynamically, the initial set is marked by a rapid temperature rise, which corresponds roughly to the beginning of the main chemical reactions. This temperature rise will reach a maximum rate after the final set. The first-order differential curves of the NMR signal intensity in Figure 1 show that the actual measured initial setting times of the cement pastes occur shortly after the start of the acceleration period; while the measured final setting times appear before the end of the acceleration period. During the acceleration period, the chemical reactions were controlled by nucleation to by chemical process. The Ca(OH) 2 began to crystalline after achieving supersaturating concentration. The tricalcium silicate C 3 S (C = CaO, S = SiO 2 , according to the cement chemistry notation) that the main component of the cement clinker, began to hydrolyze acceleratively and produced C-S-H (C = CaO, S = SiO 2 , H = H 2 O, according to the cement chemistry notation). As a result of these reactions, the pastes hardened and formed strength. The water in the pastes became relatively immovable, where more and more water was constrained in the micropores of the calcium silicate hydrates gels. A lower water-to-cement ratio results in a shorter initial and final setting times, and the valley and peak positions at the first derivative curve of the corresponding NMR signal intensity are shifted to the left. 
Quantitative Characterization of Hydration Degree of Cement Paste
Commonly used methods for determining hydration degree of cement paste include quantitative X-ray diffraction analysis (QXRD), magic angle spinning nuclear magnetic resonance spectra (MAS NMR), and the non-evaporable water method. In our previous research, all three methods were tried, and the results suggest that the non-evaporable water method is the most appropriate way to determine hydration degree in discussions of hydration process monitored by NMR.
As the transverse magnetization of LF-NMR of cement paste is proportional to the content of evaporable water [8, 17] , the amount of evaporable water at the time t can be derived from the sample mass, water-to-cement ratio, and transverse magnetization. The hydration degree of the cement paste at the corresponding time can be obtained. The specific calculation is as follows:
where m(t) represents the amount of evaporable water at hydration time t; M0(t) represents the transverse magnetization at hydration time t; M0i represents the transverse magnetization at the first time after mixing; m0 is the initial water content of the sample, w/c is water-to-cement ratio; αC(t) is the reaction degree of cement paste at the moment t; mC is the amount of cement; γ is the minimum water-to-cement ratio required for complete hydration of the cement. According to the Powers model [18] , γ is 0.42. The non-evaporated water, also known as chemically bound water, can be obtained by subtracting the initial amount of water m0 from the amount of evaporable water m(t). 
where m(t) represents the amount of evaporable water at hydration time t; M 0 (t) represents the transverse magnetization at hydration time t; M 0i represents the transverse magnetization at the first time after mixing; m 0 is the initial water content of the sample, w/c is water-to-cement ratio; α C (t) is the reaction degree of cement paste at the moment t; m C is the amount of cement; γ is the minimum water-to-cement ratio required for complete hydration of the cement. According to the Powers model [18] , γ is 0.42. The non-evaporated water, also known as chemically bound water, can be obtained by subtracting the initial amount of water m 0 from the amount of evaporable water m(t). It can be seen from Figure 2 that the hydration degree of the cement paste grows slowly from the beginning to 2 h. During the hydration process from 2 to 10 h, the degree of hydration increased sharply. After 10 h, the growth rate of the hydration degree slowed down. Although the growth of hydration degree for different pastes in Figure 2 presents a similar trend, the values of hydration degree are still different from each other at a given time. The samples with larger water-to-cement ratio show a higher degree of hydration. It can be seen from Figure 2 that the hydration degree of the cement paste grows slowly from the beginning to 2 hours. During the hydration process from 2 to 10 hours, the degree of hydration increased sharply. After 10 hours, the growth rate of the hydration degree slowed down. Although the growth of hydration degree for different pastes in Figure 2 presents a similar trend, the values of hydration degree are still different from each other at a given time. The samples with larger waterto-cement ratio show a higher degree of hydration.
Gel/Space Ratio and Compressive Strength
Although the literature [19] presents a series of models for cement strength prediction, such as empirical relations between compressive strength and porosity, relations between strength and microstructure or pore size distribution, the much simplified and suitable model adopted in this work follows closely that of Powers [18] . The compressive strength of cement paste is related to the gel/space ratio, defined as the degree to which the saturated gel (hydration products) fills the available space. In the pure cement paste, the available space is the total volume of the system (water + cement) minus the room occupied by the unhydrated cement particles. The saturated gel volume can be calculated by the degree of hydration and the specific volume of saturated gel. The pure cement paste gel/space ratio X is calculated as follows: where νsg and νc are the specific volumes of saturated gel and cement, respectively; νsg = 0.67 and νc = 0.32, according to the literature [20, 21] ; w/c is the water-to-cement ratio; αc is the reaction degree of the cement. Therefore, the relationship between gel/space ratio X of cement paste and the hydration degree of cement can be expressed as: 
Although the literature [19] presents a series of models for cement strength prediction, such as empirical relations between compressive strength and porosity, relations between strength and microstructure or pore size distribution, the much simplified and suitable model adopted in this work follows closely that of Powers [18] . The compressive strength of cement paste is related to the gel/space ratio, defined as the degree to which the saturated gel (hydration products) fills the available space. In the pure cement paste, the available space is the total volume of the system (water + cement) minus the room occupied by the unhydrated cement particles. The saturated gel volume can be calculated by the degree of hydration and the specific volume of saturated gel. The pure cement paste gel/space ratio X is calculated as follows:
where ν sg and ν c are the specific volumes of saturated gel and cement, respectively; ν sg = 0.67 and ν c = 0.32, according to the literature [20, 21] ; w/c is the water-to-cement ratio; α c is the reaction degree of the cement. Therefore, the relationship between gel/space ratio X of cement paste and the hydration degree of cement can be expressed as:
It can be seen from Figure 3 that the initial setting time of the cement paste occurs when the gel/space ratio is 0.09 ± 0.02, and the final setting time appears when the gel/space ratio is 0.15 ± 0.02. Referring to the results of the previous first-order derivative of the NMR signal intensity in Figure 1 , it is known that the initial and final setting takes place during the acceleration stage. At this stage, the hydration rate is accelerated, a large amount of hydration products is formed, and the gel/space ratio is also rapidly increased. The results indicate that the initial and final setting is precisely attributed to the gel/space ratio reaching a certain threshold. Powers [18] proposed the concept of the gel/space ratio, and a typical relationship was then identified between the gel/space ratio and the compressive strength, making it possible to connect the microscopic evolution and the macroscopic properties of cement pastes. It is worth mentioning that Powers' law was obtained by fitting the compressive strength vs. gel/space ratio for cement-sand mortars. Since the strength of sand is constant, the gel/space ratio is the dominant variable, the increase in strength is mainly due to the cement paste of the increased gel/space ratio. Therefore, Powers model is more sensible for describing the relationship between compressive strength and the gel/space ratio for cement paste, which can be expressed by the following formula:
where σc is the compressive strength; A is a constant, indicating the intrinsic strength of the gel, approximately the theoretical strength of the gel when the gel/space ratio X = 1; n is a fitting parameter. It can be seen from Figure 4 that the measured compressive strength of the cement paste of the three water-to-cement ratios has a good correlation with the calculated gel/space ratio based on the nuclear magnetic signal intensity. It is in a power function relationship and conforms to the Powers model. In this experiment, the value of A is 425 MPa, the value of n ranges between 2.97 and 3.12. Lower water-to-cement ratio results in a larger value of n. Compressive strength /MPa
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where σ c is the compressive strength; A is a constant, indicating the intrinsic strength of the gel, approximately the theoretical strength of the gel when the gel/space ratio X = 1; n is a fitting parameter. It can be seen from Figure 4 that the measured compressive strength of the cement paste of the three water-to-cement ratios has a good correlation with the calculated gel/space ratio based on the nuclear magnetic signal intensity. It is in a power function relationship and conforms to the Powers model. In this experiment, the value of A is 425 MPa, the value of n ranges between 2.97 and 3.12. Lower water-to-cement ratio results in a larger value of n. Powers [18] proposed the concept of the gel/space ratio, and a typical relationship was then identified between the gel/space ratio and the compressive strength, making it possible to connect the microscopic evolution and the macroscopic properties of cement pastes. It is worth mentioning that Powers' law was obtained by fitting the compressive strength vs. gel/space ratio for cement-sand mortars. Since the strength of sand is constant, the gel/space ratio is the dominant variable, the increase in strength is mainly due to the cement paste of the increased gel/space ratio. Therefore, Powers model is more sensible for describing the relationship between compressive strength and the gel/space ratio for cement paste, which can be expressed by the following formula:
where σc is the compressive strength; A is a constant, indicating the intrinsic strength of the gel, approximately the theoretical strength of the gel when the gel/space ratio X = 1; n is a fitting parameter. It can be seen from Figure 4 that the measured compressive strength of the cement paste of the three water-to-cement ratios has a good correlation with the calculated gel/space ratio based on the nuclear magnetic signal intensity. It is in a power function relationship and conforms to the Powers model. In this experiment, the value of A is 425 MPa, the value of n ranges between 2.97 and 3.12. Lower water-to-cement ratio results in a larger value of n. Standard Vicat needle method is time-consuming, discontinuous, while the conventional strength test is destructive, and difficult to test at a very early age due to low rigidity. In contrast, LF-NMR is a fast, non-invasive technique, allowing the study of the cement hydration in real-time. Thus, according to the continuous monitoring of the LF-NMR signal of the evaporable water of the cement paste, the degree of hydration and the gel/space ratio can be accordingly calculated to further determine the initial and final setting times and to predicate the development of the early compressive strength.
Conclusions
(1) Based on the LF-NMR technique, the evolution of the evaporable water content of the cement paste during the hydration process can be continuously and non-destructively monitored. The first derivative curve characteristics of the measured transverse magnetization agree well with the known five stages of cement hydration process in the early stages of setting.
(2) According to the change of continuously measured nuclear magnetic signal quantity, the degree of hydration and the gel/space ratio of the cement paste can be accordingly calculated. The initial and final setting of the cement paste in this test appeared when the gel/space ratio are 0.09 ± 0.02 and 0.15 ± 0.02, respectively. It is verified that the early compressive strength of the hardened cement paste exhibits a power function relationship with the calculated gel/space ratio.
(3) By establishing the internal relations between the nuclear magnetic intensity of cement paste and the hydration process, it is possible to provide a new efficient and quick technical way for the determination of the initial and final setting times and prediction of the growth of early compressive strength. 
